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I. Introduction
Interaction with a plasma. (n -1015 cm 2 ) is known to be an efficient way to produce a beam of neutral hydrogen or deuterium atoms (useful for auxiliary heating in fusion reactors) from energetic (<1 MeV) negative ions.' We examined several alternatives before choosing a hot cathode discharge as a plasma target for D neutralization studies.
Our need for a small highly ionized, thick plasma with a minimum of gas around it led us to consider shock tubes 2 , hollow cathodes 3 ' 4 reflex discharges 5 ' 6 and Q machines. 7 None of these were felt likely to provide a diagnosable target meeting the above requirements. However, a recent experiment in Livermore 8 had proved that a pulsed, hot-cathode discharge might provide a suitable target plasma if one would make a cathode of sufficient width and retain the MMD stability they had gotten with the Baseball I coil in a simpler geometry. We decided to make the cathode from sintered LaB 6 for Its high thermionic emission at réla-tively low temperature (1500°0 9 and resistance to poisoning by atmospheric gases. For the magnetic field we chose simple solenoidal coils and configured them to provide a radial minimum of the field strength on axis. We felt this would provide MMD stability for a plasma "line tied"
to the electrodes.
The experiment of Ref. 8 had a tungsten rod (. dia) cathode placed in one mirror throat and the anode, rotated by 90 0 and used for gas feed, in the other. The cathode was heated ohmically (> 3000°K) and a voltage of -2500 Volts applied to it just after a small amount of H2 101, gas was puffed into the anode. The resulting discharge current of up to 300 Amperes produced a very highly ionized ( 99%) plasma of moderate density (< 10 14 cm 3 ) and temperature Te < 16 eV).
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The discharge which is the subject of this paper (See Table I i radiatively in a multiple heat shield to provide plasma target uniformity and reduce necessary cathode heater power. Typical operating parameters were V ca th ode -1500 V, Vanode = ground, 1 arc = 100 Amperes, B = 1360 Gauss, N e = 3 x 1013 cm 3 Te = 7 eV. The degree of ionization was adjustable from a few percent to 25 . This upper limit was due to the small chamber size and small electrode spacing.
We believe that the operating ranges given in Table I Electron Density n e < 9 x 10 13 cur 3
Cross Field Diffusion Time 1.6 x 10 < TB < 5 x 10 sec.
(Bohm) The cathode (see Fig. 2 ) is a slab of sintered lanthanum hexaboride 4-1/4" x 7/8" x.0.1". This Is held In a tantalum "picture-frame" type holder which allows the back to be heated by the radiation from a tungsten filament while the front side acts as a thermionic electron emitter for the plasma. This holder frame is supported by three molybdenum tubes which are clamped at the other end onto a water cooled copper slab. This in turn is mounted on a slightly larger piece of machinable ceramic which serves also to insulate the cathode from, while attaching it to the support structure which is at anode potential (= ground). In order to minimize the required power we have surrounded -5-the cathode piec.e and tungsten filament with four to six layers of heat shielding. These shields are made of dimpled molybdenum and tantalum sheet 0.003" to 0.005" thick. These shields extend almost 2" in front of the cathode and form an elongated box which has a rectangular hole in front just large enough for the discharge to pass.
The anode is made of three parts, a copper box 4-5/8" x 2-1/4" x 1-1/4" with 3/16" thick walls, a tantalum rectangle 4-1/4" x 2" x 0.060 19 , and a duct having a rectangular cross section 7/8" x 4-1/4 made of 0.010" molybdenum. (See Fig. 3 ) These three fit together so as to..
provide both the electrical positive contact for the discharge and its gas supply. The gas enters the middle of the closed side of the copper box into a reservoir whose front side is the 0.060" thick Tantalum piece. From there it exits through eight holes, .060" diameter, into long, narrow rectangle chambers above and below the discharge and open to it.
The arc power supply is a capacitor-inductor pulse-line capable of providing 1000 Amperes at 2000 Volts for 2 milliseconds. There are SCR switches for connecting the negative output of the supply to the cathode (the anode is held at ground) and for shunting the current through an internal resistor cutting off current from the arc. The shunt 5CR is automatically triggered if the arc current rises above a pre-set limit to avoid electrode damage. Otherwise, it Is triggered after a pre-set elapsed time.
III. Operation
Because of its high voltage and low gas pressure this electric discharge can be difficult to start and maintain in the proper mode of operation. We pulse the starter, with -40 kY about 600 gsec after injecting the hydrogen gas into the anode. 10 The resulting local arc draws a few thousand amps for a few micrOseconds and provides plasma to set up a sheath at the cathode thereby making an electric field to extract electrons. Once the arc has been struck it can operate in two distinct modes. The preferred mode of operation involves uniform thermionic emission by the cathode resulting in an arc current between a few and 250 Amps, with the arc voltage only slightly less than the supply voltage. When we inject too much gas or the background pressure is too high the arc makes a transition to a second mode in which the arc current is of the order of 1000 Amps and the arc voltage falls to less than 100 volts. In this mode the arc is non-uniform spatially and is no longer the pink color characteristic of the other mode (seems bluish to the eye). We have seen evidence of " tracking on the cathode surface possibly due to uhotil spots wich may occur during the second mode of operation. These spots have been observed in cold cathode discharges to provide large currents and move on the cathode surface causing irregular " tracks "
We can control plasma density and temperature easily within the ranges of Table I . Within limits, an increase of gas input results in higher density and lower temperature. Increase of the magnetic field allows ever increasing currents and density but does not allow an increase in gas Input. (The saturation level is independent of B).
-7-Plasma density and temperature are relatively independent of arc voltage above 1500 Volts and fall off rapidly below 500 Volts. Arc current and plasma density are rapidly rising functions of the cathode temperature.
Several dozen hours of operating time between vacuum breaches for cathode maintenence is typical. (Our normal duty cycle was one 1-2 ms shot per minute with the cathode kept continually at operating temperature.) The LaB5 requires occasional discharge cleaning (long y duration, low current Argon discharges) in some circumstances to keep the emission efficiency of the cathode high. With a fresh slab of LaB6 , 0.1" thick and molybdenum heat shields around the cathode, we were able to run thousands of shots without need for cleaning. When using tantalum heat shields or after having already had to clean the LaB6 surface we found we needed to discharge clean every few days or several hundred shots.
IV. Plasma and Gas Measurements
We operated the discharge under a range of values of arc voltage, magnetic field, cathode temperature and gas injected and observed the dependence on these of the plasma parameters as well as the general behavior of the discharge. We measured electron density and temperature in the arc using a Langmuir probe and electron line density with a laser interferometer. The measured dependences include spatial in vertical and horizontal (parallel to the beam's plane of motion) directions ( See   Fig 4) , dependence on magnetic field strength, arc voltage and gas injected (see Fig. 5 ). The Langmuir-probe-measured density was integrated along a horizontal path used for relative electron density values, in the horizontal profile and was compared with the laser inter.. ferometer measurement of the integrated electron density. The probe date were interpreted using the model of Brown, Kunkel and Compher 11 for a drifting plasma in a magnetic field.
We determined the gas pressure using a fast Penning Gauge and by measuring the fraction of 250 keV D ions lost in passing through the chamber' after the discharge. We found it to range from a few to ten times the plasma density. The Penning gauge was located at the wall of the discharge chamber and was unable to measure the pressure in the gas jet emerging from the anode. This was measured by the ion-beam technique in which we found the stripped fraction of a D beam passing through the discharge region 50 v sec after the discharge was crowbarred, and inferred the gas pressure using known stripping cross sections.
However, the pressure this indicated still did not include the effects due to the plasma (i.e., ionization and dissociation). Combining the data from the two techniques and using a simple model 12 [i.e., using calculated dissociation and ionization rates with an estimated time of passage = (mean travel distance in plasma)/(particle speed)Jfor plasma effects on gas pressure we found that a typical 30 Ampere discharge with -60 1,L of injected gas at 3 kW of cathode power, VARC = 1500 V, and B = 1350 Gauss produced 5.1012 cm 3 (electrons plus ions) and 6.10 13 cm 3 of H 2 molecules (equivalent) in the same volume. For a 110 Amp discharge for the same voltage and magnetic field but only 40 L of gas injected we found 1.25 x i' cm 3 (electrons plus ions) but only 3.10 13 cm 3 of H 2 . Using the same model to estimate the composi-tion of the target we found that for electron densities above 10 13 cm 3 most of the ions are atomic and a large majority of the emerging gas is in the form of H atoms. If one were to increase the anode-cathode spacing to tens of centimeters one would have almost no remaining molecular ions (H, H) in the plasma. Measurements with a residual gas analyzer showed nitrogen to be the main non-condensing impurity with a peak value for the most intense discharges of a few percent of total injected gas. The change in the color of the discharge during very long shots (> 50 ms) or those with a transition to the high current mode 'arc > 1000 A) showed the presence of large amounts of impurities under these conditions. we estimated the electron emission current from the cathode (by subtracting the ion current from the total) we found that the fraction of the power from these primary electrons transferred to the plasma is 10%. Reference to other work with beam-plasma discharges 13 ' 14 shows such to be typical and due to a two-stream absolute instability between primary and secondary electrons.
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VI. CONCLUSIONS
The limits on the density and duration of the plasma were a function of our design choices. The coil spacing gave us a weak radial minimum in the magnetic field in analogy to the absolute minimum B of Ref. 8. However, the ends of the elongaged electrodes were 5 cm from the axis and near the limit of the radial minimum. Thus, to increase density limits one needs to assure that the radial gradient in B is steeper at the discharge boundary. A round cathode might also help since the then radial electric field would cause only azimuthal plasma drifts. The time limit on any discharge was a function of the discharge current. High current shots (< 150 Amps) saw rapid current rise during the shot up to the stability limit. Often, such a rapid current rise would, cause a premature change of mode of the discharge. (This is pertiaps due to high gas pressure due to supttering or desorption.) If one would use a tungsten cathode it would give a more steady arc current since it would be heated less during the shot by ion bombardment. Operating with low arc currents (-10 Amps) and fast pumping should allow tens of milliseconds of operation. For longer times one would have to deal with atmospheric gases desorbed from vacuum chamber walls.
We have shown above an easily built, low impurity, uniform hydrogen discharge plasma. It is probably limited to fraction-of-a-second pulsed operation and produces a divergence in an atom beam (stripped while traversing the plasma perpendicular to the magnetic field). We believe, however, that a plasma of this type may be useful in plasma or atomic collision research.
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